Models relating to the Species-Area curve usually assume the existence of species, and are concerned mainly with ecological timescales. We examine an individualbased model of co-evolution on a spatial lattice based on the Tangled Nature model in which species are emergent structures, and show that reproduction, mutation and dispersion by diffusion, with interaction via genotype space, produces power-law Species-Area Relations as observed in ecological measurements at medium scales. We find that long-lasting co-evolutionary habitats form, allowing high diversity levels in a spatially homogenous system.
Introduction

1
The number of species in a given region can be seen as a product of the 2 evolutionary history of speciation, extinction and migration to that region. interactions over the trait space [20] .
136
We refer to individuals by Greek letters α, β, ... = 1, 2, ..., N(t) for a specific 137 lattice point (x, y). rates are used [11] . Reproduction occurs asexually, and on a successful repro-146 duction attempt a daughter organism is produced which will be mutated with 147 probability p mut . When an individual α is chosen for processing, it will repro-148 duce with probability: 
p of f is defined in this way as it is the simplest way to translate H(S α , t) into 
158 c is a parameter controlling the interaction strength, N(t) is the total num-
159
ber of individuals at time t and n(S, t) is the number of individuals with 160 genotype S at that point. µ controls the carrying capacity of the system, pre- it is non-symmetric with mean 0, we choose a form of the interaction matrix 166 that speeds computation [11] . In the spatial version, we use the same S but 167 allow the individuals to be located at a point in space, such that α = α(x, y), 168 N = N(x, y, t) and n = n(x, y, S, t).
169
Since the elements of J are generated randomly, the pairwise interactions 170 can be of the following types: mutualism (both positive), competition (both 171 negative) and predator/prey (or parasitic) relations (one positive and one 172 negative). We do not allow for one-way interactions such as amensalism, apart 173 from in the case where one interaction is randomly generated to be very small.
174
Also note that even in the case of extreme mutualism, resource is limited and 175 competition will occur as the population increases, and so the negative term 176 µN(t) in Equation 2 is large.
177
The interactions modelled here are very general, though must occur through 178 some medium which is not modelled explicitly. instead considered as an extension to the model [20] .
195
In an offspring individual, each S type space, as discussed in [11] .
199
A time-step consists of choosing a spatial lattice point with probability pro-
200
portional to the population of the lattice point N(x, y, t). Then an individual In previous versions a different individual was chosen for reproduction and killing actions. Here we select only one individual and process it for reproduction, killing and movement for code efficiency reasons -above the level of fluctuations the two α is chosen randomly from that lattice point.
202
• α is allowed to reproduce with probability p of f .
203
• α is killed with probability p kill .
204
• 
270
We operate with parameters that give a reasonable number of q-ESS switches 271 within the first 50000 generations -most of the work analysing this region 272 was done in [17] . During these q-ESSs (shown in Figure 1 In [16] , it is shown that the average q-ESS length increases with time, due to 286 increasing stability in the network of active interactions, increased population 287 size and hence increased diversity (as larger populations are more likely to be 288 stable to stochastic fluctuations, and q-ESS interactions tend to be positive).
289
Note that these effects occur only on average -it is possible for the system to 290 move to a less stable, smaller population after a disordered phase, and it is 291 also not always true that higher populations are more stable (or more diverse), 292 just that they are on average.
293
During the q-ESS, wildtype occupation fluctuates around some constant level,
294
and sub-species appear and dissappear by mutation, without affecting the 295 stability of the q-ESS state. Biologically, a q-ESS has all species in a q-ESS 296 occupying a fitness maxima (that is, all mutations have lower fitness -fitness 297 meaning offspring probability in this case), which the system has found dur-298 ing a transition. Each species in the q-ESS must have reached a population 299 equilibrium, so that p of f ≈ p kill , and all mutants from each species must have 300 p of f < p kill when their own population is low. This is easier to achieve for a 301 low diversity, but when a stable state is found at higher diversities, the chance 302 that an invader will destabilise the q-ESS is lower as invaders will be at signif- other cases, the stability of the q-ESS is upset and a transition occurs.
319
Once the system enters a transition, one of the following may happen:
320
• The disruption is minor and the system remains stable with a new q-ESS 321 configuration. The transition period is not well defined in this case.
322
• Wildtype species no longer all have p of f = p kill . The populations will change 323 in order to regain this relation. It is possible that a species may become 324 extinct, leading to stage 2 above.
325
• One of the low population mutant species in the system will gain p of f > p kill 326 and so will enter phase 1 above.
327
Clearly, this is an iterative process and can last for a very long time -forever if 328 c or p mut are very large, so pushing the system past the 'error threshold' [17] . 
364
Unlike the non-spatial version of the model, initial conditions are relevant.
365
All possible starting configurations reduce to one of the following two initial 366 conditions:
367
(1) Individuals are generated with a random genotype and placed on a ran-368 dom lattice point until the total starting population is reached.
369
(2) A single lattice point is allowed to evolve as a separate system until a 370 q-ESS is formed. This q-ESS is copied to all other lattice points to give 371 a quasi-stable, identical initial starting condition at all points.
372
Procedure 2 represents the biological case where a small species set is exposed 373 to a larger spatial range, and so colonises it. The initial q-ESS used in pro-374 cedure 2 has stability properties that can differ greatly -see Figure 2 . the increase is more gradual yet reaches higher levels. Once a stable level (on ecological timescales) of high diversity is found, the evolutionary dynamics occurs in the same manner as initial condition type 2, random seeding.
The introduction of space has many implications for the model. In the non- in that power-law.
445
As each run is a separate instance with its own evolutionary history, the diver- sity and z-value variation between runs is high unless the size is much larger 447 than the species range; however, the power-law rule holds for all instances.
448
The simulated data in Figure 3 has a slightly reduced tail from the expected [27] but in evolving systems the pool must be modelled explicitly. destabilise the dominant q-ESS, it is unlikely this would not continue forever.
471
Instead, we would effectively be restarting the system with a procedure 2 initial 472 condition; however, the stability of this highly evolved q-ESS is much higher 473 than a random q-ESS taken from initial conditions, and so the time taken
474
to see a restarted system may be very long (as q-ESS lengths are power-law 475 distributed, this time has mean infinity -however, it does occur eventually, as
476
there is no truly stable state in this model).
477
In the Spatial TaNa model, illustrated in Figure 5 , the spatial distribution of 478 species is confined to a contiguous patch. Non-contiguous patches seem to be q-ESS members remain constant but one species is swapped out for another.
484
Thus in some cases there is a smooth transition spatially between one q-ESS 485 type and a completely different q-ESS type, with many transients along the 486 way containing subsets of each (e.g. dense forest fading to woodlands then to 487 grassland). In other cases the coexistence is more essential and there will be 488 a distinct line between one species set and another.
489
In toroid geometry, any observations of greater than half the total size are af-490 fected unaccountably by the periodic boundary so we restrict conclusions from 491 scales less than X/2, which do appear to be truly power law related (tested for 
497
We can also consider this system in the absence of mutation, so considering a death. This occurs with very low probability for moderate population numbers 506 as the form of p of f ensures that there is a restoring pressure to the equilibrium.
507
The system will always find a steady state (which, rarely, may have only one 508 species in if the species that survived the low population stage happen to all 509 have non-mutualistic interactions).
510
However, on a spatial lattice things are different. If we choose to evolve a q-
511
ESS to copy to all points then clearly the system will contain only this q-ESS 512 forever, as there is no source of change. If we start the system with random 513 individuals, however, then the initial states found in each lattice point will be 514 very different and so migrants may have significant impact. In this case, we 515 see a relaxation in diversity of similar form (power law) to the mutation case.
516
However, the rate of decay (the exponent for the decrease of diversity with rates and high migration rates, clearly migrants will outnumber local mutants 561 and we will observe the exact same distribution near the q-ESS patch borders.
562
Here, the distinction between the two types is of fitness -the wildtypes with 563 a log-normal like SAD are all equally fit in that they have a reproduction rate 564 exactly balancing the death rate; the migrants with a log-series like SAD are 565 all less fit and rely on repopulation from an external pool.
566
The Tangled Nature model on a spatial lattice reproduces many of the ob- 
585
The habitat differentiation produced by co-evolution allows species to be lo-586 cally equivalent whilst interacting strongly, and maintains differences in off-587 spring probabilities when removed from its favoured habitat. Thus we find 588 equivalence whenever individuals have had time to adapt to the homoge-589 neous killing probability, which corresponds to a situation where individuals 590 die mainly due to some more our less species independent stochastic killing 591
mechanism. 
626
The spatial Tangled Nature model provides a simple general framework con- 
